Toll-like receptor (TLR)4 recognizes microbial pathogens, such as lipopolysaccharide, and mediates lipopolysaccharide-induced proinflammatory cytokine secretion, as well as microbial uptake by macrophages. In addition to exogenous pathogens, TLR4 recognizes modified self, such as minimally oxidized low-density lipoprotein (mmLDL). Here we report that mmLDL and its active components, cholesteryl ester hydroperoxides, induce TLR4-dependent fluid phase uptake typical of macropinocytosis. We show that mmLDL induced recruitment of spleen tyrosine kinase (Syk) to a TLR4 signaling complex, TLR4 phosphorylation, activation of a Vav1-Ras-Raf-MEK-ERK1/2 signaling cascade, phosphorylation of paxillin, and activation of Rac, Cdc42, and Rho. These mmLDL-induced and TLR4-and Syk-dependent signaling events and cytoskeletal rearrangements lead to enhanced uptake of small molecules, dextran, and, most importantly, both native and oxidized LDL, resulting in intracellular lipid accumulation. An intravenous injection of fluorescently labeled mmLDL in wild-type mice resulted in its rapid accumulation in circulating monocytes, which was significantly attenuated in TLR4-deficient mice. These data describe a novel mechanism leading to enhanced lipoprotein uptake in macrophages that would contribute to foam cell formation and atherosclerosis. These data also suggest that cholesteryl ester hydroperoxides are an endogenous ligand for TLR4. Because TLR4 is highly expressed on the surface of circulating monocytes in patients with chronic inflammatory conditions, and cholesteryl ester hydroperoxides are present in plasma, lipid uptake by monocytes in circulation may contribute to the pathological roles of monocytes in chronic inflammatory diseases. (Circ Res. 2009;104:1355-1363.) Key Words: macrophage Ⅲ oxidized lipoprotein Ⅲ oxidized cholesteryl ester Ⅲ toll-like receptor-4
T oll-like receptors (TLRs) are pattern recognition receptors (PRRs) that sense the presence of numerous pathogen-associated molecular patterns (PAMPs). 1 Activation of PRRs has been widely implicated in signaling mechanisms that contribute to chronic inflammatory diseases, including atherosclerosis. Although PRRs were originally postulated to recognize only exogenous pathogens, they are now increasingly documented to respond to endogenous modified self, such as modified and/or oxidized low-density lipoprotein (LDL). We have postulated that such modified LDL could become endogenous PAMPs and initiate lowgrade, but sustained, PRR-mediated inflammation and other immune responses. 2 TLR4 and TLR2 deficiency, as well as a deficiency in MyD88, a signaling adaptor molecule for TLR4 and other TLRs, result in reduced atherosclerosis in apoE Ϫ/Ϫ or LDLR Ϫ/Ϫ mice fed a high-fat diet. [3] [4] [5] Some human studies, though not all, have shown that inactivating polymorphisms in TLR4 are associated with decreased cardiovascular disease risk. 6 Although these data support a general understanding that TLRs regulate inflammation in atherosclerosis, specific mechanisms are poorly understood.
Excessive lipoprotein accumulation by macrophages and the formation of lipid-loaded foam cells is a rate-limiting process in atherogenesis. Foam cell formation involves many pathways, which likely have different quantitative importance at different stages of atherosclerotic lesion progression. 7, 8 For example, at early stages, constitutive macropinocytosis induced during macrophage colony-stimulating factor-dependent macrophage differentiation in the lesions could contribute to foam cell formation. 9, 10 In advanced lesions, extensively oxidized LDL (OxLDL) becomes a ligand for scavenger receptors (also PRRs), such as CD36. 11, 12 Although CD36-mediated uptake of OxLDL is believed to play a dominant role in the formation of proinflammatory lipidloaded macrophage foam cells in vitro, different laboratories have reported conflicting results about the proatherogenic role of CD36 in hypercholesterolemic murine models. 7, 8, [13] [14] [15] Unlike OxLDL, minimally oxidized LDL (mmLDL), as generated in our laboratory, is insufficiently modified to bind to scavenger receptors, but it binds to CD14 and induces TLR4-dependent cytokine expression. 16, 17 In addition to this "classic" TLR4 response, mmLDL induces robust TLR4/ MD-2-dependent actin polymerization and spreading in macrophages. 16 We recently showed that many of the cytoskeletal effects of mmLDL were mediated by oxidized cholesteryl esters (CE) found in the mmLDL. Indeed, the bioactive CE hydroperoxides can be generated by oxidation of CE with 15-lipoxygenase (15LO), and we have also shown that such oxidized CE are found in murine atherosclerotic lesions. 18 In this study, we report that the extensive ruffling of macrophages induced by mmLDL and by cholesteryl arachidonate oxidized by 15LO (15LO-CE) leads to enhanced fluid phase uptake, mediated by a TLR4-dependent signaling cascade. This TLR4-dependent macropinocytosis results in uptake of both native and modified LDL by differentiated macrophages, as well as by circulating monocytes.
Materials and Methods
Detailed information on materials; animals and primary macrophages; cell lines; LDL isolation and modification; oxidation of cholesteryl arachidonate; TLR4 and Syk knockdown; uptake of Lucifer yellow, fluorescent dextran, and LDL; yeast 2-hybrid system; GTPase assays; immunoblot and immunoprecipitation analyses; analysis of in vivo uptake of mmLDL; Oil Red O staining; and statistical analysis are described in the expanded Material and Methods section in the online data supplement, available at http://circres.ahajournals.org.
Results mmLDL Induces Small Molecule Uptake by Macrophages
We noticed that the mmLDL-induced ruffling and cytoskeletal rearrangements in macrophages were accompanied by extensive vacuolization, characteristic of macropinocytosis ( Figure 1A ). Indeed, Lucifer yellow, a low-molecular-weight soluble fluorescent dye, added to the medium, accumulated in heterogeneously sized droplets (0.26 to 2.97 m) in macrophages incubated with mmLDL ( Figure 1B) , consistent with macropinocytosis. 19 Incubation of macrophages with extensively OxLDL also induced Lucifer yellow accumulation but in smaller quantities in uniformly sized vesicles (0.24 to 0.54 m). In contrast, Lucifer yellow did not accumulate in macrophages incubated with native LDL.
mmLDL Accumulates in Macrophages and Promotes Uptake of Native LDL and OxLDL
mmLDL itself is insufficiently modified to be taken up via CD36; it does not compete with OxLDL for CD36 binding nor for binding to the oxidized phospholipid-specific monoclonal antibody EO6 (Figure I in the online data supplement). When iodinated mmLDL was added to primary macrophages, it stimulated its own uptake, at approximately half the levels Figure 1 . mmLDL-induced uptake of small molecules and native and modified LDL. A, Peritoneal resident macrophages harvested from C57BL6 mice were incubated with media alone or with 50 g/mL mmLDL for 1 hour and imaged with a phase contrast microscope. B, Peritoneal macrophages harvested from C57BL6 mice were incubated with 50 g/mL mmLDL, native LDL, or OxLDL for 1 hour, in the presence of 50 g/mL Lucifer yellow AC. At the end of incubation, the cells were fixed with formaldehyde and stained for Lucifer yellow (green), nuclei (blue), and F-actin (red). Scale barϭ10 m. C, Specific cell degradation of iodinated ( 125 I) native LDL, mmLDL, and OxLDL by resident peritoneal macrophages was used as a measure of LDL uptake. *PϽ0.01 mmLDL vs native LDL; 3 independent experiments. D, Uptake of biotinylated native LDL (200 g/mL) was induced by incubating J774 macrophages for 1 hour with either mmLDL (50 g/mL) or PMA (1 g/mL). Biotinylated LDL, green; F-actin cytoskeleton, red; nuclei, blue. Replacing mmLDL with native LDL, as an inducer of macropinocytosis, resulted in no uptake of biotinylated LDL (bottom right). Specificity of the biotin-streptavidin staining was controlled by replacing biotinylated LDL with nonlabeled LDL (top right). Scale barϭ10 m. E, Total degradation (ie, specific plus nonspecific) of 125 I-OxLDL (10, 20, and 30 g/mL) alone in the media or in the presence of 50 g/mL unlabeled mmLDL. *PϽ0.05 (nϭ3).
of the specific uptake of iodinated OxLDL ( Figure 1C ). In contrast, there was minimal uptake of iodinated native LDL. In a separate experiment, we observed the comparable uptake of biotinylated native LDL by macrophages stimulated with mmLDL and by macrophages stimulated with phorbol 12-myristate 13-acetate (PMA), a known activator of macropinocytosis ( Figure 1D ). Furthermore, addition of unlabeled mmLDL stimulated enhanced uptake of iodinated OxLDL ( Figure 1E ), suggesting that under these conditions, a certain proportion of OxLDL was internalized independently of saturable scavenger receptor-mediated uptake.
TLR4 Mediates mmLDL-Induced Macropinocytosis
Because mmLDL induces actin polymerization in a TLR4dependent manner, 16 we hypothesized that TLR4 also mediates mmLDL-induced macropinocytosis. As a measure of macropinocytosis, we used the uptake of fluorescent dextran. Peritoneal macrophages from Tlr4 lps-d C3H mice (the lps-d mutation in the TLR4 gene renders it inactive), when stimulated with mmLDL, accumulated 5 times less dextran than wild-type Tlr4 lps-n macrophages (Figure 2A ). In contrast, uptake of dextran by MyD88 Ϫ/Ϫ macrophages was only 38% lower and not significantly different from the uptake by wild-type macrophages from C57BL6 mice ( Figure 2B ), suggesting a major contribution of a MyD88-independent mechanism in the mmLDL-induced macropinocytosis. To further study mechanisms of TLR4-mediated macropinocytosis, we generated a J774 cell line expressing TLR4-specific short hairpin (sh)RNA. The surface expression of TLR4 in these cells was only 40% of that in J774 cells expressing a scrambled shRNA, and the TLR4-knockdown cells did not spread in response to mmLDL (Online Figure II) . The mmLDL-induced uptake of dextran by TLR4knockdown J774 cells was reduced by 85% compared to control cells ( Figure 2C ).
We have recently identified hydroperoxides of CE, the products of CE oxidation by 15LO, as bioactive components of mmLDL responsible for inducing membrane ruffling and macrophage spreading. 18 As in the case of the mmLDLinduced changes, 15LO-CE induced spreading in the wildtype J774 cells, but not in the TLR4-knockdown cells (Online Figure II, B) . Importantly, incubation of macrophages with 15LO-CE also induced the uptake of dextran in a TLR4dependent manner ( Figure 2D ), replicating the findings with mmLDL. These data suggest that 15LO-CE constitute a class of endogenous ligands for TLR4. In our earlier experiments, we demonstrated that a CHO cell line stably expressing TLR4/MD-2 responded to mmLDL by enhanced actin polymerization. 16 In Figure 2E , we show that the TLR4/MD-2-expressing CHO cells, when stimulated with mmLDL, accumulated more fluorescent dextran than the CHO cells expressing an empty vector. The ability of mmLDL to induce macropinocytosis in TLR4/MD-2 CHO cells was fully reproduced by addition of 15LO-CE ( Figure 2F ).
Signaling of mmLDL-Induced, TLR4-Dependent Macropinocytosis
Because the mmLDL-induced, TLR4-dependent endocytic response is characterized by robust cytoskeletal rearrange-ments, we hypothesized that mmLDL induced a recruitment to TLR4 of a kinase involved in cytoskeleton regulation. Spleen tyrosine kinase (Syk) is known to associate with dectin-1, TLR4, and ITAM receptors and regulate leukocyte cytoskeleton and Fc␥R-dependent phagocytosis. 20 -24 Yeast 2-hybrid experiments, shown in Figure 3A , demonstrated that Syk can directly bind to the C-terminal domain of TLR4 and that this interaction was mediated by the N-terminal SH2 domain in the Syk molecule. We also found that mmLDL stimulated TLR4 phosphorylation ( Figure 3B ), suggesting TLR4-dependent uptake of dextran. A and B, Peritoneal resident macrophages from TLR4-competent and TLR4deficient C3H mice (A) and from MyD88-knockout and wild-type C57BL6 mice (B) were incubated with media alone or 50 g/mL mmLDL for 1 hour in the presence of Alexa Fluor-488labeled dextran (10 000 Da). The dextran uptake was measured by FACS and presented as percentage change in the geometric mean of FACS histograms. **PϽ0.01 (nϭ4); #not significant (Pϭ0.150) (nϭ6). C and D, TLR4-knockdown and control J774 macrophages were incubated with media alone or 50 g/mL mmLDL for 1 hour (C) or 2.5 g/mL nonoxidized CE or 15LO-CE for 15 minutes (D) in the presence of Alexa Fluor-488labeled dextran (10 000 Da). ****PϽ0.0005 (nϭ5). E and F, CHO cell lines expressing human TLR4/MD-2 or empty vector were incubated with media alone or 50 g/mL mmLDL for 1 hour (E) or 2.5 g/mL nonoxidized CE or 15LO-CE for 15 minutes (F) in the presence of Alexa Fluor-488 -labeled dextran (10 000 Da). *PϽ0.05; **PϽ0.01 (nϭ5).
that the mmLDL activation leads to an increased Syk SH2 domain binding to phosphorylated tyrosine residues of TLR4. These results agree with our recent findings that mmLDL induced coimmunoprecipitation of TLR4 and Syk in a timedependent manner, as well as TLR4-dependent Syk phosphorylation. 24 Next, we generated a J774 line expressing Syk shRNA, which had no detectable Syk protein expression. The Syk-knockdown cells accumulated significantly less fluorescent dextran when activated with mmLDL, results fully replicated by the addition of 15LO-CE alone ( Figure 3C ).
TLR4 and Syk were required for mmLDL activation of guanine nucleotide exchanging factor Vav1, small GTPase Ras, kinases Raf, MEK1, and extracellular signal-regulated kinase (ERK)1/2; in turn, ERK1/2 phosphorylated paxillin at Ser126 and activated small GTPases Cdc42, Rac, and Rho (Figure 3 and Online Figure III ). We also observed mmLDL- Figure  IV, D) . Importantly, macrophage stimulation with 15LO-CE also induced ERK1/2 and paxillin phosphorylation in a TLR4-dependent manner (Online Figure IV, E and F) . These results suggest that the TLR4-and Syk-dependent signaling events regulate mmLDL-induced cytoskeletal rearrangements necessary for the process of macropinocytosis. mmLDL also B, J774 macrophages were incubated with 50 g/mL mmLDL for the indicated times. Cell lysates were immunoprecipitated with a TLR4 antibody and probed with an antibody against phospho-tyrosine (top) or TLR4 (bottom). C, Control and Syk-knockdown J774 macrophages (the Syk knockdown was confirmed in an immunoblot ͓left͔) were incubated with media alone or 50 g/mL mmLDL for 1 hour (middle) or 2.5 g/mL nonoxidized CE or 15LO-CE for 15 minutes (right) in the presence of Alexa Fluor-488 -labeled dextran (10 000 Da). The dextran uptake was measured by FACS and presented as an increase in the geometric mean of FACS histograms compared to media or control CE. MeanϮSE from 3 to 5 independent experiments. *PϽ0.05; **PϽ0.01. D, Control, Syk-knockdown, and TLR4-knockdown J774 macrophages were incubated with 50 g/mL mmLDL for 30 minutes. Cell lysates were immunoprecipitated with a Vav1 antibody and probed with an antibody against phosphotyrosine (top) or Vav1 (bottom). E, Control, Syk-knockdown, and TLR4-knockdown J774 macrophages were incubated with 50 g/mL mmLDL for 15 minutes. Cell lysates were tested for Ras-GTP and total Ras. F and G, Control, TLR4-knockdown, and Syk-knockdown J774 macrophages were incubated with 50 g/mL mmLDL for the indicated times. Cell lysates were probed for phosphorylated Raf, MEK1, and ERK1/2, and GAPDH as a loading control, as well as for phosphorylated and total paxillin. The Syk knockdown was confirmed by probing the lysates with a Syk antibody, and the TLR4 knockdown was confirmed in a FACS assay as in Online Figure I. activated Rho (Online Figure III, C) and phosphatidylinositol 3-kinase (PI3K) (our earlier reports 17, 25 ), 2 important factors in the closure of a ruffle into an endosome. 26, 27 In addition to Syk, PI3K also contributed to the activation of ERK1/2 (Online Figure III, G) , but not through regulation of Vav1 (Online Figure IV, A) . A protein kinase C activity may be also involved in mmLDL-induced macropinocytosis, but inhibition of c-Jun N-terminal kinase or reactive oxygen species generation (other targets of mmLDL activation 17,24 ) did not reduce dextran uptake (Online Figure V) . The above findings are summarized in a diagram in Figure 7 .
TLR4 Mediates Lipid Accumulation in Macrophages
Next, we studied the role of TLR4 in the internalization of mmLDL. In a FACS assay, fluorescently labeled mmLDL accumulated in control J774 macrophages 4.5-fold more than did native LDL. In contrast, the uptake of mmLDL by TLR4-knockdown cells was reduced by 60% ( Figure 4A ). Furthermore, although mmLDL induced lipid accumulation in control J774 cells, as visualized by Oil Red O staining and intracellular CE accumulation, mmLDL failed to induce lipid uptake by TLR4-or Syk-deficient macrophages ( Figure 4B through 4D). TLR4 activation by lipopolysaccharide (LPS) also resulted in dextran and native LDL uptake by J774 cells (Online Figure VI) . To show that the TLR4 and Syk knockdown did not affect other functions of the macrophage, such as scavenger receptor-mediated uptake of OxLDL, we added OxLDL alone (with no addition of mmLDL) to control, TLR4-, and Syk-knockdown macrophages. Importantly, there were no differences in the OxLDL uptake between control and TLR4-knockdown macrophages (Figure 4C and 4D ), suggesting that the scavenger receptormediated uptake of OxLDL and the mmLDL-induced, TLR4-mediated macropinocytosis occur via independent mechanisms. There was a trend in the reduction of OxLDL uptake by Syk-knockdown macrophages, which requires further study.
Stimulation of J774 macrophages with 15LO-CE also resulted in lipoprotein uptake in a TLR4-dependent manner, whereas control (nonoxidized) CE did not induce lipoprotein uptake ( Figure 4E ). Because 15LO-CE, found in mmLDL, were detected in murine atherosclerotic lesions, 18 these results suggest that a TLR4-dependent endocytosis induced by mmLDL-like lipoproteins may occur in vivo and play a significant role in the formation of lipid-loaded foam cells in atherosclerosis. 
In Vivo mmLDL Uptake by Circulating Monocytes
It is also conceivable that lipoprotein uptake may begin in the circulation. CD14 and TLR4 are highly expressed on the surface of peripheral blood monocytes, and their levels are significantly increased in patients with cardiovascular disease. 28, 29 Circulating lipoproteins, as well as lipoproteins in atherosclerotic lesions, contain stable CE hydroperoxides, 30 -32 which may induce TLR4-dependent macropinocytosis in monocytes and macrophages. We found that many circulating monocytes of LDLR Ϫ/Ϫ mice fed a high-fat diet were positively stained with neutral lipid dyes Oil Red O (chromogenic) or LipidTox Red (fluorescent), indicating increased levels of intracellular neutral lipid ( Figure 5A and 5B). Lipid-loaded monocytes were identified as early as 1 week after the start of high-fat feeding, and their numbers tightly correlated with the plasma levels of cholesterol ( Figure 5C and 5D) .
To test whether mmLDL could induce its own accumulation in circulating monocytes, and the role of TLR4 in this process, we intravenously injected 2 strains of C3H mice, Tlr4 lps-n and Tlr4 lps-n (the lps-d mutation in the TLR4 gene renders it inactive), with either fluorescently labeled native LDL or mmLDL. After 1 hour, blood was collected and immediately analyzed by FACS. Labeled mmLDL, but not labeled native LDL, was detected associated with CD11bpositive monocytes. Importantly, monocytes of TLR4deficient mice had a significantly blunted uptake of mmLDL ( Figure 6A ). Isolation of the plasma monocytes from these mice and examination by deconvolution microscopy confirmed that mmLDL was indeed internalized by wild-type but not TLR4-deficient cells ( Figure 6B ).
Discussion
The formation of lipid-laden foam cells is an early and critical step in the initiation and progression of atherosclerosis. 33 Although the mechanisms leading to such foam cell formation are complex, involving several independent pathways, 7, 8, 34 modified LDL is likely to be involved in both the regulation of lipoprotein uptake by macrophages, as well as directly contributing lipid. Oxidized lipids and modified proteins in extensively oxidized LDL, ie, OxLDL, directly mediate its internalization via scavenger receptors. 7 In addition, Jones et al 35 and Kruth and colleagues 9, 10 have suggested that foam cell formation can occur because of increased uptake of native LDL mediated by scavenger receptorindependent macropinocytosis. Recent studies suggest that enzymatically modified LDL bound to cell surface proteoglycans has enhanced uptake by a macropinocytosis pathway as well. 36 In this study, we demonstrate a novel mechanism that stimulates fluid phase uptake in macrophages, leading to enhanced uptake of both native and modified LDL. This process was characterized by enhanced uptake of small molecules (Lucifer yellow) and dextran, typical of macropinocytosis. Furthermore, we show that the mmLDL-induced stimulation of macropinocytosis was TLR4-dependent and resulted in lipid accumulation in macrophages (Figures 1, 2,  and 4 ). We also show that CE hydroperoxides, such as those formed by oxygenation with 15LO, are oxidized lipid moieties in mmLDL responsible for the TLR4-dependent uptake (Figures 2 and 4) . The intracellular signaling pathway that regulates the TLR4-dependent uptake involves the recruitment of Syk to the intracellular domain of TLR4 and consequent Syk-dependent downstream signaling, leading to cytoskeletal rearrangements (Figure 3 ). Furthermore, we demonstrate the in vivo relevance of these observations by showing that mmLDL injected intravenously induces its own uptake by circulating monocytes in a TLR4-dependent manner ( Figure 6 ). These results agree with our recent study in which TLR4-competent or TLR4-deficient murine macrophages were transplanted into hypercholesterolemic zebrafish, and the macrophage uptake of endogenous (dietary) lipid was monitored in live animals. 37 Because strong lipoprotein oxidation occurs in hypercholesterolemic zebrafish, it is likely that an in vivo-generated zebrafish analog of mmLDL induced TLR4-dependent lipid uptake.
We demonstrate that mmLDL significantly enhances macropinocytic accumulation of small molecules, dextran and LDL, even in highly differentiated peritoneal resident macrophages and macrophage-like cell lines (Figures 1 and 2) . Although there is no specificity with regard to the material that is being internalized via mmLDL-induced macropinocytosis, the process itself is highly regulated. The stimulation of macropinocytosis by mmLDL and by its active component 15LO-CE requires the expression of functional TLR4 (Figures 2 and 4) . These results imply that CE hydroperoxides constitute a class of endogenous agonists of TLR4 and could be important in sustained activation of immune cells. Although hydroperoxides of free fatty acids and phospholipids are not stable and rapidly break down into aldehydes and other advanced oxidation products, hydroperoxides of CE are much more stable and present in plasma and in atherosclerotic lesions. 30 -32 Such CE hydroperoxides are likely produced in vivo by oxidation of CE in LDL mediated by cellular 15LO, as found in macrophages and endothelial cells. 15LO, an intracellular enzyme, can nonetheless oxidize CE in extracellular LDL. 38 Presumably, this occurs following binding of LDL to LRP-1, leading to translocation of 15LO to the plasma membrane, where it oxidizes the CE of LDL. The 15LO-oxidized CE is then transferred back to the LDL via an LRP1-dependent mechanism. 39 Indeed, LDLR Ϫ/Ϫ and apoE Ϫ/Ϫ mice lacking 12/15LO (the mouse homolog of human 15LO) develop less LDL oxidation and less atherosclerosis compared to the LDLR Ϫ/Ϫ and apoE Ϫ/Ϫ controls. 40 -42 Furthermore, enhanced 12/15LO expression and activity have been reported in macrophages and endothelial cells in atherosclerotic mouse models. 43, 44 Our data have also revealed a novel downstream signaling pathway by which mmLDL activation of TLR4 leads to enhanced macropinocytosis. mmLDL induces Syk recruitment to TLR4 via the Syk N-terminal SH2 domain binding to the TLR4 C-terminal domain. In turn, this leads to activation of a Syk-dependent Vav1-Ras-Raf-MEK1-ERK1/2 signaling cascade, with subsequent activation of paxillin and Cdc42 and Rac GTPases, and the formation of a N-WASP/Arp2 complex (Figure 3 and Online Figures III and IV) . These signaling events lead to actin polymerization, a necessary step in membrane ruffling. However, the fact that a nearly complete Syk knockdown resulted in incomplete inhibition of dextran uptake ( Figure 3C ) suggests that Syk-independent pathways may also contribute to TLR4-dependent uptake. Our results agree with the reports of Syk-dependent ERK1/2 activation in phagocytosis, 45 ERK1/2 activation in TLR4dependent antigen uptake by dendritic cells, 46 and the role of paxillin and small GTPases in actin reorganization and pinocytic vesicle formation. 9, 26, 27, 47 Subsequent ruffle closing into an endosome is regulated by activated Rho and PI3K. Indeed, in this study, we show that mmLDL activates Rho (Online Figure III, C) , and earlier we have demonstrated robust PI3K activation induced by mmLDL. 25 The signaling mechanism leading from mmLDL activation to macropinocytosis and lipoprotein uptake is schematically presented in Figure 7 . We have recently demonstrated that mmLDL also induces activation of Nox2 and reactive oxygen species generation in a TLR4-and Syk-dependent manner. 24 These data and the results of this study suggest an important proinflammatory role for TLR4-dependent mmLDL activation of macrophages.
It is generally believed that macrophage lipid accumulation occurs exclusively in the vessel wall. This hypothesis is indeed well founded. There are numerous mechanisms that differentiated tissue macrophages use to internalize Ox-LDL, mmLDL, enzymatically modified LDL, and LDL retained by its binding to the extracellular matrix (reviewed in 7, 8, 34 ). Foam cells have previously been observed in the circulation of nonhuman primates after months of hypercholesterolemia and were thought to represent lipid-laden macrophages that entered the circulation from the intima. 48 In this study, however, we provide new data suggesting that under hyperlipidemic conditions, in addition to excessive accumulation of lipid by tissue macrophages, peripheral blood monocytes can also accumulate lipoproteins ( Figures 5 and  6) . Peripheral blood monocytes are a source of tissue macrophages, which, in large part, determine the initiation, progression, and outcomes of atherosclerosis. Monocytes already enriched in neutral lipids even before migration into the artery intima may be more susceptible to further lipid accumulation, as well as having altered metabolic properties. 
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